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Introduction
With life expectancy reaching a historic acme, disability and loss of independence have become common features in an aging society [1] . Functional disability represents the interaction of performance ability with an individual's environment, and affects the quality of life of elderly people. Functional disability is associated with the frequent use of health and social services. Disability in older adults has become a major public health concern, receiving increasing attention internationally [2] [3] [4] . Operationally, the concept of disability encompasses a number of domains. These include activities of daily living (ADL), instrumental activities of daily living (IADL), social activities, and leisure activities [5] .
Because of the prevalence and complexity of this issue it has become increasingly important to understand the predictors and correlates of functional disability in aging adults. Two seemingly independent but important predictors of disability in old age is the presence of declines in cognition, and gait. Cognitive function has been identified as one of the most important correlates of disability. Cross-sectional studies have shown that low cognitive performance was associated with disability in ADL and IADL [6, 7] . The cross-sectional association was further supported by several prospective studies. For example, Raji et al. [8] found that low Mini-Mental State Examination scores were associated with increased risk of ADL disability over a 7-year period in older Mexican Americans. Dodge et al. [9] also showed that cognitive impairment predicted incident disability in specific ADL-IADL tasks among community-dwelling Japanese elders [9] .
Gait speed, a measure of lower-extremity function, is another important predictor of disability. Guralnik et al. [10] found that lower-extremity function, evaluated by tests of gait speed, standing balance, and time to rise from a chair, was inversely associated with mobility and ADL disability after a 4-year period. Shinkai et al. [11] , too, demonstrated that gait speed was a good predictor for ADL dependence in a group of Japanese communitydwelling elders. Moreover, gait speed has been suggested to be related to cognitive function as evidenced by several geriatric studies. Waite et al. [12] suggested that participants with dementia had gait abnormalities characterized by slowing and ataxia. The InCHIANTI study also demonstrated that executive function correlated with gait speed in older persons [13] .
An important theoretical model of the pathway to latelife disability was proposed by Nagi [14] . Nagi's construct of disablement consists of four related but distinct categories that represent the causal connection between pathology and actual disability. These are: 'active pathology' (such as stroke), 'impairment' (such as low muscle strength and cognitive impairment), 'functional limitation' (such as slow gait speed), and 'disability'. Critical to the current data is the idea that disability can be operationalized within several different dimensions including: basic ADL, IADL, role activities, social activities and leisure activities [13] [14] [15] . Presumably different underlying pathologies may be linked to different dimensions. Although it is becoming clear that cognitive impairment ('impairment') and slow gait speed ('functional limitation') may co-occur with advancing age, and that each of these factors may contribute to disability, little is known about the role of gait speed in the association between cognition and disability. Moreover, the combined effect of cognition and gait speed on different aspects of disability has not been well-examined. Therefore, we hypothesize that habitual gait speed mediates the cognition-disability association and that there is an additive effect of cognition and habitual gait speed on disability and that this will affect more than one dimension of disability. We will investigate the study hypotheses by analyzing data from the US National Health and Nutrition Examination Survey (NHANES) 1999-2002.
Methods

Study Design and Population
The NHANES is a population-based survey designed to collect information on the health and nutrition of the US household population. The NHANES used a stratified, and cluster sampling design to obtain a representative sample of the non-institutionalized civilian US population. Beginning in 1999, the NHANES became a continuous, annual survey rather than the periodic survey that it had been in the past. The survey data are released every 2 years. Detailed Survey Operations Manuals, Consent Documents, and Brochures of the NHANES 1999-2002 are available in the NHANES website [16, 17] .
Cognitive functioning was assessed in the NHANES participants aged 60 years and older using the Digit Symbol Substitution Test (DSST). Among the 3,342 participants who could be tested in a quiet place with minimal distractions, 77 refused the sample exercise of DSST. Another 206 potential participants were unable to be tested on the sample DSST because of severe cognitive limi-tations (e.g. inability to understand the instructions), physical limitations (e.g. arthritis or hand injury etc.), or other reasons related to testing conditions (e.g. no flat surface for writing). Of the 3,059 participants who successfully completed the sample DSST, 19 never worked on the 2-min timed DSST while 65 started the 2-min DSST but did not complete the test, leaving 2,975 participants who worked for the entire 2-min duration. All of the 2,975 participants finished the Physical Functioning Questionnaire (PFQ) to assess the level of disability in performing various tasks without using any special equipment. Of these, 494 were missing values in timed 20-foot walk test because of participants' absence for gait speed evaluation (263 participants), being unable to walk alone without holding onto someone (227 participants), or other reasons not specified (4 participants). Those with non-missing values tended to perform better in the DSST (correct answers 42 vs. 34), be younger (71.0 vs. 74.7 years), be more male (49.4 vs. 43.2%), and be less disabled in all disability domains. No differences were noted in body mass index (BMI) or race/ethnicity. Therefore, the analytic sample was composed of 2,481 participants who completed the DSST, timed walk test, as well as PFQ to ascertain self-reported disability.
Cognitive Function DSST, the cognitive test in the NHANES, was administered during the household interview. The DSST, a component of the Wechsler Adult Intelligence Test [18] and a test of visuospatial and motor speed-of-processing, has a considerable executive function component and is frequently used as a sensitive measure of frontal lobe executive functions [19, 20] . Participants were asked to copy symbols that were paired with numbers within 2 min. Following the standard scoring method, one point is given for each correctly drawn symbol. The maximum score is 133.
Disability
The PFQ was designed to assess levels of dependence in performing various tasks. Twelve questions, selected from the original 19 questions, were classified into four disability domains: ADL, IADL, leisure and social activities (LSA), and lower extremity mobility (LEM) ( table 1 ). A participant's answer to a given question was coded as 'no difficulty', 'some difficulty', 'much difficulty', or 'unable to do'. Disability was defined if a person reported much difficulty or unable to perform any activities within a given domain.
Habitual Gait Speed
Habitual gait speed was measured in the Medical Examination Center (MEC) of the NHANES according to a standardized protocol. A 20 feet long test tract area was set up in a corridor of the MEC. The 20-foot walk was timed using a hand-held stopwatch. Habitual gait speed was selected as the measure of walking function because it predicted subsequent disability [10, 11] . The 20-foot timed walk test was performed at the participant's usual pace. Use of a walker or cane was allowed if needed. Habitual gait speed was calculated as walking distance (20 feet = 6.15 m) divided by time (s).
Adjusted Covariates
Age, gender, race, educational level, and smoking status were obtained from self-report. Diabetes was defined by a self-report doctor's diagnosis, the presence of a random glucose level 1 200 mg/dl, or the use of diabetic medications (insulin and/or oral hypoglycemic agents). Three and sometimes four blood pressure (BP) determinations were taken using a mercury sphygmomanometer by a physician. BP was measured in the right arm unless otherwise specified. Averaged systolic and diastolic BPs * Participants aged 60 and older were asked 19 questions in the Physical Functioning Questionnaire. The remaining 7 questions, without specifically addressing the above disability domains, were not included in the analyses. These 7 questions were (1) stooping, crouching, kneeling difficulty; (2) lifting or carrying difficulty; (3) standing up from armless chair difficulty; (4) standing for long periods difficulty; (5) sitting for long periods difficulty; (6) reaching up over head difficulty; and (7) grasp/holding small objects difficulty. [21] . Co-morbidities including stroke, myocardial infarction, coronary heart disease, congestive heart failure, angina, chronic bronchitis, emphysema, and arthritis were ascertained by self-report. Heart disease was defined if participants had myocardial infarction, coronary heart disease, congestive heart failure, or angina; while chronic obstructive pulmonary disease (COPD) if participants had chronic bronchitis or emphysema. Health perception was ascertained by the questionnaire 'How would you say your health in general is?' and was categorized to excellent, very good, good, fair, or poor. The need of wearing glasses to read was recorded. Alcohol intake was determined by asking 'In any 1 year, have you had at least 12 drinks of any type of alcohol beverage?' and was dichotomized. Plasma homocysteine was measured by an automated fluorescence polarization immunoassay method. Nutritional markers including serum vitamin B 12 and folate levels were measured by using the Bio-Rad Laboratories Folate/vitamin B 12 radioassay kit. C-reactive protein (CRP) was quantified by utilizing latex-enhanced nephelometry.
Analysis DSST scores were normally distributed. Therefore, individual standard deviation (SD) score for DSST were obtained from the formula (X i -X m )/SD, where X i is the individual value of the DSST score in the individual participant, X m the mean values of the DSST score in the study cohort, and SD the standard deviation of the DSST score in the study cohort. The SD scores of DSST were related to multiple domains of disability by using multiple logistic regression. We used an extended-model approach for covariates adjustments: Model 1 = demographics, educational level, BMI categories, and use of eye glasses for reading; Model 2 = Model 1 + co-morbidities (hypertension, diabetes, stroke, heart disease, COPD, and arthritis); Model 3 = Model 2 + health behaviors (smoking status and alcohol intake) + health perception + nutritional and inflammatory markers (folate, vitamin B 12 , homocysteine, and CRP); while Model 4 = Model 3 + habitual gait speed. The odds ratio (OR) for disability was obtained for each SD increase in the DSST scores. In addition, we categorized DSST scores into quartiles with the lowest quartile as the reference group.
To evaluate joint effects of cognition and habitual gait speed on disability, study participants were re-classified in one of four groups based upon whether their DSST scores and habitual gait speed were above or below the respective study medians (DSST median = 42, habitual gait speed median = 0.943 m/s): high-DSST/high-speed (792 participants), high-DSST/low-speed (408 participants), low-DSST/high-speed (448 participants), and low-DSST/low-speed (833 participants). The ORs for disability were obtained using multiple logistic regression with participants in the high-DSST/high-speed as the reference group.
Because the NHANES population weights are only applicable to analyses using the entire population and we limited our analyses to a special subset of participants, we did not use the NHANES population weights for the purposes of this study. Data analyses were performed using STATA 8.0 software (STATA Corporation, College Station, Tex., USA).
Results
Characteristics of Study Population
Baseline characteristics of the group as a whole (n = 2,481, mean age = 71.0 years) and by quartiles of DSST were summarized ( table 2 ). More than half of the study sample was non-Hispanic White (61.1%) and the mean BMI was 28.2 kg/m 2 . In the context of chronic conditions, 69.0% of the participants showed evidence of hypertension, 17.0% diabetes, 5.9% stroke, 19.3% heart diseases, 9.8% COPD, and 46.8% arthritis.
Participants in the upper quartiles of DSST scores tended to be female, younger, and non-Hispanic white. Participants with high-DSST score tended to receive higher education, walk faster, have lower prevalence of hypertension, diabetes mellitus, stroke, heart disease, and disability, as well as have lower levels of homocysteine and CRP.
Habitual Gait Speed in the Association between Cognitive Function and Disability
We observed a positive association between cognitive function and gait speed. There was a small, yet statistically significant increase in habitual gait speed (0.055 m/s, p ! 0.001; effect size = 0.22) for each SD increase in the DSST scores after adjustment for demographics, educational level, BMI categories, use of eye glasses, co-morbidities, smoking status, alcohol intake, health perception, as well as markers of nutrition and inflammation. Gait speed was inversely associated with disability. At the same level of adjustment, the ORs for disability in ADL, IADL, LSA, and LEM for each 0.1 m/s increase in habitual gait speed were 0.62 (95% confidence interval [CI] = 0.55-0.69), 0.65 (95% CI = 0.60-0.70), 0.61 (95% CI = 0.55-0.67), and 0.66 (95% CI = 0.62-0.71), respectively.
Higher scores of DSST were associated with decreased odds of late-life disability after adjustment for demographics, education levels, use of eye glasses, and BMI categories (Model 1, table 3 ). After additionally controlling for covariates including co-morbidities, smoking status, alcohol intake, health perception, as well as nutritional and inflammatory markers (Models 2 and 3, table 3 ), the negative association between cognitive function and disability was mildly attenuated and remained highly significant. In Model 4, where habitual gait speed was introduced as a covariate in the cognition-disability interrelationships, DSST score was no longer a significant predictor for disability in LSA and LEM. The strength of the association between DSST score and disability in ADL and IADL had weakened but persisted to be significant. The results were unchanged using a quartile-based (of DSST scores) approach.
Joint Effect of Cognitive Performance and Habitual Gait Speed on Disability
We computed the ORs for disability in analyses where study participants were stratified into four groups: high-DSST/high-speed (reference), high-DSST/low-speed, low-DSST/high-speed, and low-DSST/low-speed. We found additive effects of cognition and habitual gait speed on late-life disability. The odds of disability in respective domains were lowest among participants with high-DSST score and high gait speed and were highest among participants with low-DSST score and low gait speed ( fig. 1 ) d Heart diseases include myocardial infarction, angina, coronary heart disease, or congestive heart failure; while chronic obstructive pulmonary diseases include chronic bronchitis or emphysema.
e Disability in a specific functional domain was defined if a person reported much difficulty or unable to perform one or more activities within a given disability domain.
Uni-variable regression was used to determine significance difference of selected continuous variables between groups of the Digit Symbol Substitution Test scores; while Chi-square test was used in the selected categorical variables.
Discussion
Our study indicated that cognitive function as measured by DSST was inversely associated with multiple domains of disability as assessed by the PFQ. Specifically, poorer cognitive performance was associated with greater disability. Furthermore, this inverse association appeared to be mediated by habitual gait speed. We also demonstrated a joint effect of cognitive function and habitual gait speed on late-life disability.
Our findings support previous studies investigating the interrelationships between cognitive function, physical function, and disability. For example, the prospective MacArthur Studies of Successful Aging, a 7-year prospective study in high functioning elders, showed that cognitive decline was associated with deterioration in both routine physical tasks (such as walking at normal pace and grip strength) and attention demanding tasks (such as walking at fast pace and tandem stand/ walk) [22] . A recent report further demonstrated that the association between poor cognition and incident ADL disability might partially be mediated through handgrip muscle strength [23] . However, the role of lower extremity function, such as gait speed or leg strength thought to be linked with both cognition and disability, was not investigated. Although a combined effect of physical performance and cognitive status on incident disability has been demonstrated by Gill et al. [24] in another study, they did not evaluate a possible mediating role of physical function in the cognition-disability relationship and they confined the study outcome to ADL disability.
In the context of the theoretical Nagi's disablement process [5, 14, 15] , namely, from 'physical/mental impair- ment' to 'functional limitation' and to 'disability', our study provided an excellent opportunity to revisit this model where cognitive function measure (DSST) indicating 'impairment', habitual gait speed 'functional limitation', while self-report status in ADL, IADL, LSA, and LEM 'disability'. We found cognitive function, as assessed by the DSST performance, was associated with multiple domains of disability. The magnitudes of these associations were attenuated after additional adjustment for habitual gait speed, indicating that habitual gait speed partially mediated the cognition-disability association and that gait speed was an intermediate component of the process from cognitive impairment to disability. Geriatric studies with disability as an outcome have typically focused on ADL and/or IADL. In considering the concept of disability, however, varying domains of disability, The OR for disability in respective domains were obtained with participants in the high-DSST/highspeed as the reference group. The analyses were adjusted for age, sex, race, educational level, BMI category, use of eye glasses for reading, co-morbidities (hypertension, diabetes, stroke, heart diseases, COPD, and arthritis), health behaviors (smoking status and alcohol consumption), health perception, as well as nutritional and inflammatory markers (folate, vitamin B 12 , homocysteine, and CRP).
including ADL, IADL, social activities, and leisure activities [14] , exist. To the best of our knowledge, this is the first report to describe the association between cognitive function and disability while considering the role of gait speed by using a geographically dispersed and ethnically diverse national representative sample of communitydwelling elders. Additionally, the analysis of disability extended beyond the traditional scope of ADL and IADL, comprehensively covering various disability domains. Our study sheds new light on the disablement process related to cognitive impairment and gait speed, providing data in an important area where data currently do not exist or are not complete. Our study has several implications. First, cognitive function is an important indicator for functional limitation and disability. Executive functions, assessed by the DSST and referring to higher cognitive processes including multitasking, planning, and organizing, are pivotal for goal-directed behaviors, such as ADL, IADL, LSA, as well as LEM and walking control system. Measurement of cognitive executive function may be useful in identifying and targeting older adults who may require intervention to prevent walking limitation and disability. Second, impairment in cognitive function and gait speed may have an additive effect on the development of late-life disability. Thus, the importance of implementing strategy to prevent decline of both conditions cannot be overemphasized. Regular physical activity including walking exercise, shown to be effective in preventing cognitive decline [25, 26] and maintaining walking function [27] , seems a reasonable recommendation for older people at risk.
Our study has several limitations that deserve comments. The cross-sectional nature of data does not allow any causal inference. The relationship between cognitive function, gait speed, and disability should be studied prospectively. Secondly, we relied on self-report to ascertain disability status in elderly participants potentially affected by cognitive impairment or even dementia. However, previous studies have demonstrated a good agreement between proxies' assessment and patients' perceptions regarding patients' functional status [28, 29] . Thirdly, in the present study, we were unable to evaluate the role of a possible cerebral 'pathology', such as leukoaraiosis, ventricular enlargement, or reduced cerebral blood flow, which might be the stem of the Nagi's disablement process from 'impairment' (cognitive function) to 'functional limitation' (gait speed) and to 'disability' (various disability domains). The idea warrants further investigation within mechanistic studies specifically designed around disablement concepts.
Conclusion
In conclusion, cognitive function was associated with multiple domains of disability among the US community-dwelling elders. There was a joint effect of cognitive function and gait speed on disability. This study also suggested that habitual gait speed might partially mediate the cognition-disability association, providing a mechanistic explanation in the context of disablement process.
